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Wave  Techniques  for  Noise  Modeling  and 

Measurement 
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.Aftsiracf— The  noise  Ma\e  approach  is  applied  to  analysis, 
modeling,  and  measurement  applications.  Methods  are  pre¬ 
sented  for  the  calculation  of  component  and  netssork  noise  wase 
correlation  matrices,  imbedding  calculations,  relations  to  two- 
port  flgures-of-merit,  and  transformations  to  traditional  rep¬ 
resentations  are  discussed.  .Simple  expressions  are  derived  for 
MKSKKT  and  HKMT  noise  wave  parameters  based  on  a  linear 
equivalent  circuit.  A  noise  wave  measurement  technique  is  pre¬ 
sented  and  experimentally  compared  with  the  conventional 
method. 

I  l\ I  RI  I  lUN 

Circuit  theory  provides  numerous  alternatives  for  the 
characteri/ation  of  noise  in  linear  networks.  Hart¬ 
mann  in  alone  presented  twelve  representations  for  the 
simple  two-port.  Noise  is  typically  characterized  using 
combinations  of  equivalent  voltage  and  current  sources. 
For  high  frequency  circuit  applications,  however,  a  wave 
interpretation  of  noise  has  advantages.  Noise  waves  have 
received  a  moderate  amount  of  interest  since  their  intro¬ 
duction  b>  Pentield  |2|,  Bosnia  13|  used  noise  waves  to 
solve  the  Haus  and  Adler  [41  optimum  noise  performance 
nrohl.'m  Hei'ken  15]  u.scd  them  to  .sirr.piiiy  ncise  per¬ 
formance  calculations  through  signal-fiow  graph  theory. 
Kanaglekar  er  u/.  (6|  and  Dobrowolski  (7|.  (8|  have  pre¬ 
sented  CAD  algorithms  strictly  in  terms  of  noise  waves 
and  scattering  parameters. 

In  the  noise  wave  representation,  a  circuit  element's 
noise  is  described  using  waves  that  emanate  from  its  ports. 
A  linear  two-port  represented  by  noise  waves  and  scatter¬ 
ing  parameters  is  shown  schematically  in  Fig.  1.  Noise 
waves  C|  and  c.  contribute  to  the  scattered  waves  such  that 
the  wave  variables  and  scattering  parameters  satisfy 


The  noi.se  waves  are  time-varying  complex  random  vari¬ 
ables  characterized  by  a  correlation  matrix  C,  given  by 
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hig  1  The  schernaOc  rcprescniatum  ol  a  iwo-pon  circuit  element  using 
scattering  parameters  and  noise  waves 


where  the  overbar  indicates  time  averaging  with  an  im¬ 
plicit  assumption  of  ergodicity  and  jointly  wide-sense  sta¬ 
tionary  processes.  The  diagonal  terms  of  C,  give  the  noise 
power  deliverable  to  the  terminations  in  a  1-Hz  band¬ 
width.  The  off-diagonal  terms  are  correlation  products. 
The  noise  wave  correlation  matrix  C,  is  Hermitian  and  its 
components  arc  referred  to  as  noise  wave  parameters. 

The  .strength  of  the  noise  wave  representation  lies  in  a 
compatibility  with  distributed  circuit  variables  that  per¬ 
mits  noise  analysis  problems  to  be  formalized  and  solved 
using  scattering  parameters.  Simple  relations  can  often  be 
found  between  a  circuit  element's  scattering  and  noise 
wave  parameters.  The  availability  of  accurate  scattering 
parameter  measurements  then  contributes  to  the  accuracy 
of  the  noise  analysis.  Noise  wave  parameters  are  numer¬ 
ically  stable.  The  reflections  and  resonances  common  in 
microwave  circuits  may  cause  voltage  and  current  quan¬ 
tities  to  vary  dramatically,  while  the  limited  range  of  noi.se 
wave  quantities  makes  them  ideal  for  CAD  applications. 
The  wave  interpretation  of  noise  has  al.so  lead  to  alterna¬ 
tive  noise  parameter  measurement  methods  19).  [10]. 

In  this  paper  new  applications  of  the  noise  wave  rep¬ 
resentation  in  analysis,  modeling,  and  measurement  are 
presented.  Section  II  presents  noise  wave  analysis  tech¬ 
niques.  Noise  calculations  for  interconnected  multiport 
networks  and  two-port  figures-of'-merit  are  discus.sed.  In 
Section  III.  equivalent  circuits  are  used  to  derive  simple 
expressions  for  the  noise  wave  parameters  of  the  MES- 
FET  and  HEMT.  The  modeling  approach  taken  is  com¬ 
pared  with  experiment.  Section  IV  describes  a  new  method 
for  making  direct  measurement  of  noise  wave  parameters. 
The  method  is  simpler  than  conventional  methods  that  use 
source-pull  tuners  to  extract  r„p,.  and  R„.  The  noise 
wave  and  conventional  measurement  techniques  are  com¬ 
pared  experimentally. 
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11.  Noisf  Wavf  Nt  rwoKK  Anai  vsis 
■Analy/.ing  a  network  tor  it.s  noise  properties  involves 
Its  division  into  the  smallest  number  of  uneorrelated  com¬ 
ponents.  The  signal  and  noise  correlation  matrices  tor  the 
components  are  used  to  solve  for  those  of  the  overall  net¬ 
work.  In  general,  the  network  and  its  components  are 
multiport  elements.  In  the  noise  wave  representation  each 
multiport  element  has  scattering  matrix  S,  incident  and 
output  wave  vectors  (a  and  b.  respectively),  and  noise 
wave  vector  c  satisfying 

ft  =  So  +  f  (?) 

The  multiport  noise  wave  correlation  matrix  of  each 
element  is  given  by 

C,  =  cc  (4) 

where  the  dagger  indicates  the  Hermitian  conjugate,  and 
the  overbar  the  time  averaged  correlation  product.  At  a 
given  frequency  the  signal  and  noise  properties  of  a  linear 
n-port  device  are  completely  characterized  by  n  x  n  scal- 
tenng  and  noise  wave  correlation  matrices.  In  Fig.  2.  this 
approach  is  compared  to  the  more  traditional  multiport 
admittance  and  impedance  representations.  Included  in  the 
comparison  arc  circuit  diagrams  and  matrix  relations  for 
voltage,  current,  and  wave  quantities.  The  use  of  multiple 
noise  representations  can  sometimes  lead  to  more  efficient 
analyses  j  1 1 1;  transformations  can  be  used  to  avoid  a  non¬ 
existent  representation,  to  simplify  calculations,  or  to 
avoid  singularities.  The  family  of  transformations  be¬ 
tween  wave,  impedance,  and  admittance  representations 
is  included  in  Fig.  2.  Admittance  and  impedance  matrices 
are  assumed  normalized. 


A.  Embedded  Multiport  Networks 

Any  linear  noise  analysis  problem  can  be  solved  through 
one  or  more  applications  of  the  embedded  network  prob¬ 
lem  illustrated  in  Fig.  .?.  A  noisy  multiport  subnctwoik 
with  scattenng  matrix  S  is  shown  embedded  in  a  noisy 
subnetwork  with  scattering  matrix  T.  The  two  subnet¬ 
works  have  known  noise  wave  correlation  matrices  C,  and 
C,.  respectively.  The  scattering  and  noise  wave  correla¬ 
tion  matrices,  and  C„ci.  for  the  aggregate  network  are 
found  by  partitioning  the  embedding  network’s  scattering 
matrix  T  into  submatrices  that  satisfy 


where  subscript  i  designates  waves  shared  at  the  internal 
connections  between  networks  S  and  T.  and  subscript  e 
designates  the  external  waves  at  the  S„c,  terminals.  The 
noise  wave  correlation  matrix  of  network  T  is  similarly 
partitioned  such  that 


('4  4). 

\c.<r,  c,  c,  / 


(6) 


The  resulting  noi.'-e  wave  correlation  matrix  is  then  given 


Tig  2  A  summar>  »>t’  the  Mgnal  and  noise  represeniaimns  and  iranstor- 
niations  tor  adinitianee.  itntvdance.  and  vkjve  parameters  Ihc  admiitancc 
matrix  K  and  impedance  matrix  Z  are  assumed  to  he  normalized,  and  /  is 
the  identitx  matrix 


Hig  3  .A  muUipon  nelsvork  S  svith  noise  wave  correlation  matrix  C, 
embedded  Aithin  network  T  with  correlation  matrix  C,  The  result  ot  the 
embedding  is  scattering  and  correlation  matrices  .S^-,  '**^'-*  Cw  Network  T 
IS  partitioned  in  the  manner  sh»>wn.  where  subscript  e  denotes  relcrence  to 
an  external  wave,  and  #  denotes  reference  to  an  internal  wave  Internal 
waves  are  defined  as  those  shared  at  the  connections  between  S  and  T 


by  I-? I 

C„„  -  AC,A’  +  |/|  ASIC,  |/|  .ASr  (7) 

where  the  pipe  symbol  ( | )  designates  matrix  augmenta¬ 
tion.  /  is  the  identity  matrix,  and  A  is  the  matrix  given  by 

A  =  T„(/  -  STa)  ' .  (8) 

The  network's  scattering  matrix  is  given  by  the  well 
known  expression  |I21 

■Sm-I  =  +  ASr,, .  (9) 

It  is  significant  to  note  that  matrix  product  AS  is  commor: 
to  both  the  ■^nel  and  Cne,  expressions.  During  analysis,  the 
majority  of  computation  time  is  spent  on  the  matrix  in¬ 
version  required  for  A,  and  for  the  calculation  of  this 
product.  The  penalty  in  combining  a  noise  analysis  with 
a  deterministic  analysis  is  therefore  minimal.  Since  any 
network  may  be  interpreted  as  a  combination  of  embed¬ 
dings,  connection  formulas  (7)  and  (9)  may  be  used  as  the 
basis  for  computer-aided  analysis.  Indeed,  this  approach 
is  the  wave  equivalent  of  the  admittance  matrix  CAD  ap¬ 
proach  presented  by  Rizzoli  and  Lipparini  [13). 
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B.  Two-Port  Anaixsis 

Noise  pertomianee  tigures-of  iiieni  are  ealeulaled  from 
the  signal  and  noise  eorrelaiion  niairiees  that  result  from 
a  two-port  network  analysis  As  with  scattering  parame¬ 
ters.  noise  waves  are  dehned  with  respect  to  a  nomiali/ing 
impedance.  This  leads  to  simple  expressions  tor  amplifier 
noise  performance  when  a  zero  source  reflection  coeffi¬ 
cient  (T,  =  Of  IS  assumed  In  teniis  of  the  scattering  and 
noise  wave  parameters  presented  in  (1)  and  (2).  noise 
temperature  /'„  is  given  by 

A/;,  =  1 10) 

■'’r' 


where  k  is  Boltzmann's  constant.  Noise  measure  M  is 
written 

kP,M  =  - .  (Ill 

.1-11  -i-  --  I 


.\here  T,  is  standard  temperature  i2d()  K).  A  1-Hz  hand- 
width  IS  assumed  in  both  expressions.  Noise  performance 
contours  are  generated  by  examining  the  variation  of  T,. 
and  M  with  respect  to  non-zero  T,  values.  In  terms  of  the 
two-port  scattering  and  noise  wave  correlation  matrices, 
the  noise  temperature  function  is 


kT., 


aC,a 

(f- 


(12) 


where  a  is  the  1  x  2  row  matrix 


) 


(1.^) 


the  noise  temperature  of  a  passive  two-port  in  tenns  of  its 
scattering  matrix: 


ail  SS  )a 

'  (1  -  IT. I-’) 


( 16) 


Kxpressions  comparable  to  ( l.‘il  and  ( 16)  can  be  derived 
for  active  devices  Signal  and  noise  modeling  of  the  MhS- 
FK  T  and  HKMT  are  based  on  small  signal  equivalent  cir¬ 
cuits  and  additional  frequency -independent  quantities 
proportional  to  miise  correlation  matrix  values  (IS)  1201. 
Pospieszalski  |21|  has  shown  that  the  frequency -inde 
pendent  quantities  are  tantamount  to  resistors  in  the 
equivalent  circuit  possessing  effective  temperatures.  In  the 
simplified  intrinsic  equivalent  circuit  of  Fig.  4.  the  gate- 
source  resistance  and  drain-source  resistance  are 
assigned  equivalent  temperatures  and  7,,.  respectively 
With  the  source  grounded,  noise  wave  c  ,  emanates  from 
the  gate  and  c-  from  the  drain  The  value  of  U  |i  is  due 
only  to  the  temperature  of  input  resistance  R  ,,  and  is  giv  en 
by 

!<■,!’  =  77.(1  -  !.V|,i').  (17) 

Noise  produced  by  R^.,  induces  a  voltage  across  C^,.  that 
is  transferred  to  the  drain  via  transconductance  g,,,.  The 
result  is  the  noise  correlation  term 


The  output  noise  wave  c-  results  from  correlated  noise 
from  the  gate,  and  noise  generated  by  output  resistance 
/?,/.  at  equivalent  temperature  7',.  It  is  given  by 


and  C,  is  the  matrix  given  in  (2).  Noise  measure  may  be 
written 


kTjil  -  il'f) 


kT„M 


-  aC^a 
ail  -  SS  Aa 


( 14) 


where  .S'  is  the  scattering  matrix  of  the  two-port.  As  be¬ 
fore.  the  expressions  for  T„  and  M  assume  a  1-Flz  band¬ 
width.  The  standard  noise  parameters  T.jp,.  and  R„ 
may  also  be  written  in  terms  of  the  components  of  C,. 
Equations  for  the  conversion  between  these  parameter  sets 
are  given  in  the  Appendix. 


III.  CoMPONCNt  Mookli.nc; 

Prior  to  noise  wave  analysis,  each  component  of  a  net¬ 
work  must  be  represented  by  a  scattering  and  noise  wave 
correlation  matrix.  The  extraction  of  scattering  parame¬ 
ters  is  well  understood,  and  noise  wave  correlation  ma¬ 
trices  may  often  be  expres.sed  in  terms  of  these  values. 
For  the  passive  multiport  with  thermal  noise,  the  noise 
wave  correlation  matrix  is  derived  directly  from  the  scat- 
tenng  matrix  [  14] 

C,  =  kTil  -  SSA  (15) 

where  k  is  Boltzmann's  constant  and  T  is  the  physical 
temperature.  Combining  this  expression  with  ( 12)  reveals 


Expressions  for  the  scattering  and  noise  wave  parameters 
in  terms  of  the  equivalent  circuit  values  of  Fig  4  are  given 
in  the  Appendix. 

Accurate  device  signal  and  noise  modeling  generally 
requires  a  more  detailed  equivalent  circuit  than  that  of  Fig. 
4:  stray  capacitance,  lead  resistance  and  inductance  must 
be  added.  The  effects  of  additional  elements  on  the  scat¬ 
tering  and  correlation  matrices  are  computed  by  applying 
embedding  calculations  (5)-(9);  the  equivalent  circuit  of 
Fig.  4  is  considered  embedded  in  a  subcircuit  consisting 
of  the  additional  elements.  The  embedding  circuit  is  typ¬ 
ically  passive  with  correlation  matrix  found  from  (15).  .A 
required  intermediate  step  is  a  two-port  to  three-port  con¬ 
version  of  C,.  This  is  achieved  by  recognizing  that  the 
elements  of  an  indefinite  A/-port  noise  wave  correlation 
matrix  satisfy 

\  _  V  _ 

X  [yf  =  X  c,cr  =  0  (20) 

I  \  *  -  I 

as  do  the  elements  of  an  indefinite  noise  current  correla¬ 
tion  matrix. 

This  noise  analysis  procedure  has  been  applied  to  the 
Fujitsu  FSX02X  MESFET  and  FHR02X  HEMT  using  the 
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WElXib  ANU  RE  Il  ElXiK  WAVE  TECHNiyi  ES  FOR  NOISE  MODELINCi  AND  MEASllREMEN  1 


20(17 


Gate  Drain 


F>g  4,  Intrinsic  equivalent  circuit  for  MESFET  and  HEMT  transistors 
Gate  temperature  is  the  equivalent  temperature  of  Drain  temperature 
Tj  IS  the  equivalent  temperature  of  Rj,.  The  noise  voltage  generated  by  R^^ 
appears  at  t  resulting  in  correlation  between  input  and  output 


Fig  5  A  more  accurate  equivalent  circuit  for  the  chip  form  MESFET  and 
HEMT  Dunng  noise  analysis,  the  parasitic  resistances  R^.  /?,.  and  Rj  are 
assumed  to  be  at  standard  temperature 


TABLE  I 

CoMPONfisT  Valles  for  Elements  in  the 
EyLlVALFNT  CiRCLtT  OF  FiG.  5  USED  TO  MOOF.L  THE 
Fljitsl  FSX02X  MESFET  and  FHR02X  HEMT 


Parameier 

FSX02X 

FHR02X 

(mS) 

42,5 

55 

r  (psec) 

2.0 

0  85 

C„  (pF) 

0  3.5 

0.2 

(pFi 

0  033 

0,025 

G.  (pF) 

0.115 

0,049 

(U) 

3,5 

2.5 

R.,,  (tl) 

270  0 

188  7 

R,  (0) 

0,3 

1.3 

R,  («) 

l.g 

13 

R„  (U) 

3  0 

1  3 

L,  (nH) 

0  12 

0.1 

L,  (nH) 

0.05 

0  08 

La  (nH) 

0.12 

0.1 

r,  (K) 

290 

290 

Ta(K) 

1375 

1100 

The  transconductance  has  an  associated  transit 
time  T  such  that  g„  =  g^e  .  Gate  temperature 
IS  the  equivalent  temperature  of  R^,.  Drain  tempera¬ 
ture  Tj  is  the  equivalent  temperature  of  R,,,  Values 
for  both  devices  are  for  /,/,  =  10  mA  The  FSX02X 
values  correspond  to  a  bias  voltage  V,,,  =  3  V.  while 
=  2  V  for  the  FHR02X. 

equivalent  circuit  of  Fig.  5.  Parameter  values  for  the 
equivalent  circuit  are  listed  in  Table  1.  The  results  have 
been  converted  to  standard  noise  parameters  (using  the 


StATt  Stop 

2  r  18 


St«rt  Stop 

2  f  CHs  18 

(b) 


Fig.  6.  Smith  chart  comparison  of  theory  (a)  and  measurement  (b)  of  op¬ 
timum  reflection  coefficient  r.,p,  for  the  Fujitsu  FSX02X  MESFET.  The 
theoretical  plot  was  made  with  T^j  =  1375  K.  Plots  are  from  2-18  GHz, 
running  counterclockwise  over  frequency  ,  with  points  shown  in  2  GHz  in¬ 
crement.'*. 

equations  found  in  the  Appendix)  for  a  comparison  with 
measured  data  provided  by  the  manufacturer.  Given  in 
Fig.  6  are  Smith  chart  plots  of  theory  and  measurement 
forFop,  for  the  Fujitsu  FSX02X  MESFET  from  2-18  GHz. 
The  theoretical  plot  assumes  a  standard  gate  temperature 
Tjj  =  290  K,  suggesting  that  this  noise  is  thermal  in  na¬ 
ture.  A  large  drain  temperature  value  (Tj/  =  1375  K)  is 
needed  to  represent  all  noise  processes  in  the  drain-source 
region.  Theory  and  measurement  for  the  noise  figure  min¬ 
imum  and  noise  resistance  R„  are  given  in  Fig.  7. 
Noise  figure  minimum  and  Fop,  predictions  are  quite  good. 
Noise  resistance  is  slightly  underestimated.  Better  R„  and 
Fn,jn  matching  is  possible  by  adding  a  pole  to  the  fre- 
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Fig,  7.  Comparison  of  theory  and  measuremem  of  noise  figure  minimum 
and  noise  resistance  (b)  for  the  Fujitsu  FSX02X  MESFET,  The 
theoretical  plot  was  made  with  Tj  »  1375  K 


quency  behavior  of  g„.  Low  frequency  Fmm  predictions 
can  be  expected  to  deviate  with  measurements  as  |r„p,| 
approaches  unity.  Shown  in  Fig.  8  are  Smith  chart  plots 
of  modeled  and  measured  r„p,  for  the  Fujitsu  FHR02X 
HEMT  from  2-26  GHz.  Standard  temperature  is  again 
used  for  the  gate.  Graphs  showiiig  comparisons  of 
and  R„  are  shown  in  Fig.  9.  As  before,  predictions  are 
good  with  the  exception  of  R„  which  deviates  from  theory 
at  lower  frequencies. 

These  examples  demonstrate  surprisingly  good  room 
temperature  MESFET  and  HEMT  noise  modeling  with  a 
single  parameter:  drain  temperature  Tj.  All  other  ele¬ 
ments  of  the  equivalent  circuit  (derived  from  scattering 
parameter  measurements)  were  assumed  to  be  at  standard 
temperature.  The  limitations  of  this  approach  include  de¬ 
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Fig.  8  Smith  chart  companson  of  theory  (a)  and  measurement  (b)  of  op¬ 
timum  reflection  coefficient  r„p,  for  the  Fujitsu  FHR02X  HEMT  The  the¬ 
oretical  plot  was  made  with  Tj  —  1 100  K  Plots  are  from  2-26  GHz.  run¬ 
ning  counterclockwise  over  frequency,  with  points  shown  in  2  GHz 
increments. 


pendence  on  the  accuracy  of  the  equivalent  circuit  and  the 
lack  of  low  frequency  noise.  Yet,  it  is  possible  to  express 
Tj  as  a  function  of  frequency  and  bias  conditions  for 
broadband  bias  dependent  noise  modeling.  The  noise 
wave  approach  simplifies  active  and  passive  device  mod¬ 
eling  by  using  scattering  parameters  and  these  physical  or 
equivalent  temperature  values. 

IV.  Noise  Wave  Measurements 
To  measure  the  standard  two-port  noise  parameters 
Tnin-  r„p„  and  R„,  a  source-pull  tuner  is  used  to  present 
various  F,  values  to  the  device  under  test  (DUT).  The 
tuner  complicates  the  measurement  process.  It  may  pos- 
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ses.s  repeatability  error,  have  restricted  tuning  and  fre¬ 
quency  ranges,  require  frequent  calibration,  or  cause  low 
frequency  oscillations  in  microwave  transistors  [19|.  Di¬ 
rect  measurement  of  the  noise  wave  parameters  (If, I", 
r,  (■*,  and  Ir^l" )  is  a  simpler  process  due  to  their  definition 
with  respect  to  a  normalizing  impedance. 

The  apparatus  represented  schematically  in  Fig,  10  has 
been  used  to  measure  noise  wave  parameters.  The  DUT 
is  shown  with  scattering  matrix  S  and  emanating  noise 
waves  f|  and  Ci-  At  each  port  of  the  device,  a  circulator 
injects  noise  from  a  noise  source  into  the  device  while 
terminating  noise  power  that  originates  in  the  remainder 
of  ihe  system.  Noise  waves  C\  and  emanate  from  the 
network  and  combine  with  scattered  noise  from  the 
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Fig  10  Apparatu\  tor  ihe  mca>uremeni  ol  twi»  pon  noise  wave  parame 
lers  .  and  f,*  ?  Noi.se  waves  c  ,  and  t  -  emanate  from  network  .S' 

and  combine  with  scattered  waves  from  the  noise  sv>urces  to  tonn  waves  r/, 
and  d..  The  noise  sources  have  equivalent  temperatures  /’,  and  T>.  each 
capable  of  taking  on  hot  and  cold  values  .At  the  center  is  placed  either  a 
■‘Thru”  circuit  or  ^  dB  h>brid  The  ■  Thru”  circuit  i.s  such  that  </,  -  c, 
and  t/;  and  e.-  and  permits  direct  measurement  of  !<  ,!'  and  u  ’  Substilu 
lion  of  a  O'*  •  180^  hvbnd  allows  measurement  of  Re  ( t  ,  c*).  while  a  00 

hybrid  allows  measurement  of  Im  <  r,  <  * >  The  switch  shi>wn  is  assumed  to 
be  non  reflective  Noise  power  measurements  are  made  at  an  intermediate 
frequency  using  an  HP  8070  in  noise  power  density  mode 


sources  to  produce  noise  waves  and  given  by 


d\  =  <’i  +  'JkT\  .V|  1  +  n/^^.V)i 

(21) 

(!-•  =  ('2  +  +  ^kT2S22- 

(22) 

Power  from  the  noise  sources  is  written  here  in  terms  of 
effective  temperatures  T,  and  T^.  each  capable  of  taking 
on  known  hot  o."  cold  values.  Waves  d^  and  tA  will  have 
measurable  quantities 

\d,\-  =  |r,|-  +  *r,|.5,,|=  +  ^7-2|.v,2|- 

(23) 

+  /tr,  |.V2,|=  -h  kT2\s22\- 

(24) 

dfCi*  ~  ('l  "F  kT]  S]]S2\  ■("  kT2S\2S22’ 

(2  ) 

The  apparatus  of  Fig.  10  allows  each  of  the  at 

2  un- 

known  right-hand-side  values  to  be  obtained  through  a  set 
of  noise  power  measurements.  First,  a  "Thru”  circuu  is 
inserted  at  the  center  of  the  apparatus  such  that  =  e, 
and  d2  =  e^-  Four  noise  power  measurements  are  made 
of  |</, I’  and  \d2\~  using  hot  and  cold  values  for  both 
and  Ti-  Using  (23)  and  (24),  this  measurement  data  is  suf¬ 
ficient  to  solve  for  the  six  unknowns  |c,|’,|c2|’,  |5|||', 
|5|2|’.  1^21!^,  and  |.S22|',  Measurement  of  noise  wave  cor¬ 
relation  can  be  accomplished  with  3  dB  hybrid  couplers 
(14|.  With  a  lossless  0°/180°  3  dB  hybrid  inserted  such 
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that 


b/i 

+  t/v) 

(26) 

(di 

-  ^:) 

(27) 

the  measured  noise  powers  are  given  b\ 

U'lP  =  1  ,  |c/,P  +  Id:?  +  2Rc  {J^dh  I  (28) 

??'  =  :  Id,?  -K  IdTp  -  2Re  (d?7?)  1-  (29) 

I 

The  difference  in  the>c  values  yields 


•  ••»•  tuner  Methoti 
■  Wavf*  Method 


-  U':!'  -  2  Re  (d|d*) 

-  2  IRe  ( t'l  cf  )  +  kTi  Re  (.V||i:i ) 

4  AT;  Re  (,v,:,v_f:)|  (30) 

where  the  values  for  It',!’  and  !<':|'  have  been  compared 
assuming  consistent  values  of  T'l  and  7;.  The  set  of  mea¬ 
surements  taken  at  hot  and  cold  values  for  7,  and  7,  now- 
results  in  solutions  for  unknowns  Re((  ,f'*  ),  Re  (a'ii.v*,  ), 
and  Re  ('i:'*;)-  When  the  ()°/180°  hybrid  is  replaced 
with  a  90°  3  dB  hybrid,  the  difference  in  noise  powers 
becomes 

d?r  -  !??  =  2  Im  ( djTf ) 

=  2[Im(t|(-*)  +  /c7|  Im(i||.v*i) 

-t-  k  J-.  Im  (.vi:,v  *;  )| 
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(31) 


and  an  additional  set  of  measurements  now  permits  solu¬ 
tion  of  the  imaginary  components  Im  (<  |(  *  ).  Im  (Sn  v*, ). 
and  Im  (.V|2S*: ). 

This  system  has  been  constructed  and  a  series  of  mea¬ 
surements  performed  at  4  GHz  on  a  MESFET  amplifier 
over  a  range  of  bias  currents.  An  HP  8970  noise  figure 
meter  (in  power  density  mode)  was  used  to  measure  noise 
power.  A  simple  short-open-thru  calibration  procedure 
was  followed  to  compensate  for  losses  and  noise  in  the 
apparatus.  For  experimental  comparison,  measurements 
were  made  at  the  same  bias  points  using  the  conventional 
source-pull  tuner  technique.  A  mechanical  slide-screw 
turner  was  used  and  the  additional  measurements  and  cor¬ 
rections  recommended  by  Strid  122]  were  performed.  The 
results,  in  terms  of  standard  noise  parameters,  are  com¬ 
pared  in  Fig.  II.  The  similarities  are  surprising  consid¬ 
ering  the  dramatic  differences  in  the  measurement  meth¬ 
ods  and  their  sources  of  error:  the  tuner  method  has  errors 
due  to  tuner  repeatability,  unstable  bias,  and  noise  figure 
measurement  uncertainty;  wave  method  errors  are  due  to 
uncertainty  in  temperatures  7,  and  7:  and  a  simplified  cal¬ 
ibration  procedure  (the  directional  couplers  were  assumed 
to  have  ideal  phase  shifts). 

The  wave  method  of  noise  parameter  measurement  has 
several  advantages.  It  uses  many  off-the-shelf  compo- 
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Fig.  1 1 ,  Comparison  of  the  tuner  and  wave  measurement  methods  m  de 
termining  the  optimum  reflection  coefficient  (a),  the  noise  figure  min 
imum  (b),  and  the  noise  resistance  R„  (c)  of  an  amplifier  based  on 
single  Pujil.su  FSCIO  MESFET  The  measurements  were  performed  at  4 
GHz  with  amplifier  bias  current  varied  from  10-60  mA 


VlUM.t  ttWl  I  I  I  I  s  1 1  .K  MUM  MoDlllSi.  \sr)  Ml  \M  Kl  Ml  SI 


nonts,  ma\  Ik’  ;.'ontigiircd  tor  operation  at  Rl-  through  mil 
hmeicr-wavc  trequoncios.  and  requires  no  souree-pull  lu 
ner  In  addition  to  the  noise  ua\e  parameters,  the 
magnitudes  ot  the  scattering  parameters,  and  the  complex 
scattering  parameter  products  \  ;  i*,  and  'i  '*  are  deter 
mined  The  sxstem  ot  equations  that  is  manipulated  is 
over-detennined.  and  lends  itsell  to  statisfcd  analxsis 
Noise  contributions  trom  the  measurement  apparatus  are 
predicted  b\  embedding  equation  i7),  and  max  be  re 
moxed  b\  a  calibration  procedure  Manx  other  contigu 
rations  of  the  measurement  apparatus  ol  Fig  It)  are  pos 
sible  W’lthington  1I0|.  tor  example,  has  presented  a 
similar  sxstem  that  uses  interferometric  measurements 
Measurement  iccuracx  and  bandxxutlh  max  be  improxed 
bx  using  txxo  LNA's  and  mixers  The  directional  coupler 
substitutions  described  here  are  axoided  bx  using  the  six 
port  netxxork  described  bx  Hngen  |23|  as  a  single  corre 
lation  netxxork  |24|. 

IV  IM  I  I  Mt 


here 

is  '  (S'  (  s 

<  ’  s  (  (  *  s  • 

Ihe  inxerse  relations  haxe  been  somexxhat  simplitied 
through  Use  ot  the  identKx 

I  U  I  ’ 

i  .  '  it  2 Kc  I  (  ,  (  ( t.j  ’  I  ♦  (  '  ( 40 ' 

\oiso  vsavc  paraiiioUTs  lor  the  niirniNit.  Ml  SI  I  aiul 
HIM  I  xxith  the  cquixalctit  circuit  gixeii  bx  Fig  4  max  be 
xxritten  m  terms  ol  scattering  parameters  or  equixalenl  cir 
cun  parameters  The  scattering  matrix  ol  the  equixalent 
circuit  ol  Fig  4  IS  gixen  bx 


The  noise  xxaxe  representation  olfers  alternatixe  anal 
xsis,  modeling  and  measurement  techniques  Noise  xxaxe 
analysis  max  be  pertomied  solely  in  terms  ot  distributed 
circuit  xariables  Derixation  of  noise  xxaxe  parameters  for 
many  microxxaxe  components  is  a  straightforxxard  pro¬ 
cess.  requiring  only  scattering  parameters  and  physical  or 
ettectixe  temperatures  The  xxaxe  approach  to  notse  pa¬ 
rameter  measurement  offers  adxantages  ox  er  conxentional 
methods.  It  requires  no  source-pull  tuner,  uses  ofi'-the- 
shelf  ctimponents,  and  is  promising  tor  millimeter-xxuxe 
applications. 
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Soixing  for  the  noise  xxaxe  parameters  using  (17)  i  Id)  and 
assuming  constant  xalues  ol  gate  temperature  /  and  drain 
temperature  /',  gives 
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Noise  xxaxe  parameters  for  actixe  ilex  ices  may  be  de- 
rixed  from  the  standard  noise  parameters  or  calculated 
from  equixalent  circuit  xalues.  In  temis  of  r  and 
R„  the  noise  xxaxe  parameters  are 
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I  ■  ‘  ..pi'  ':i 

xxhere  ki  is  the  normalized  temperature-energy  given  by 

■ikl„R„ 


ki  = 


and  Zi  is  the  normalization  impedance.  The  inverse  rela¬ 
tions  are 
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(.36) 


(47) 
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(44i 


These  parameters  are  xxell  behaved  doxxn  to  u.-  =  I),  but 
loxx-frequency  noise  effects  are  not  included.  Frequency 
dependent  expressions  for  T,  and  T,  may  be  used  to  in¬ 
clude  these  effects 


Rt  t  I  RhN(  t  s 


Ml  K  Hanniiinn.  Niuse  charactcn/alion  t>f  linear  cirt^uits,'  Ihf-J 
lritn\  i'lrmits  .  \ol  CAS  2,^.  pp  5^1  ^^0.  Oct,  1976 
|2|  P  Penhcld.  "Wunc  rcprcscnlalion  of  .itnplifier  noise.  "  IRt  Trans 
Circuit  rhef>r\.  \ol,  CT  9  pp  K4  X6,  Mar  1961. 

1^1  H  Bosma.  On  the  iheon  of  linear  noisv  sssiems,"  Philips  Res 
Rt'pis  Suppt  .  no  W.  1967 

14)  H.  A.  Haus  and  R  B  Adler.  'Optimuni  noise  pertonnance  ot  linear 
amplifiers."  Pr*>c  IRf-.  \ol  46.  pp  1517  Aup  I9.S8 

15|  R  P  Hccken,  "AnaKsis  of  linear  noisy  two-ports  using  scattering 


•  •  • 


•  • 


•  • 


Mil  ' 


lU  1  I  K \ss  \l' I  h  »SS  <  MM  kt  >V|  \\  J  ANDIUHMOllS  MM  I'l  Sc  C  Sc^lMHIK  imw. 


,nt  /'../)>  V//.  '...w.'i,  .  h.h  v.M  \(  f  f  .W  p|> 

ltNi4  Ki  \'»^\ 

N  ii  kvilia ’ick.H  K  [  Mvliili'Nh  ajui  W  \  VS.jxc  aiuil 

s  MN  •'!  II, 'IN..-  Ill  niter,  U'd  imilf  ti'oti  iK-'vv  It  h  t  han\  Mi 

/iMi  V..1  Mil  M  pp  li:  11^  KMi  l‘)K' 

]'j  J  \  'Cki  \  t  \l  >  •'!  Kfiieil  iiKlh,*il  lor  Moise  tjL'urc  «»i>» 

pulaiu*n  .'I  p,>ns  vs  iiti  ,iiu  iiuemui  i>ip»>liiL’'‘  Ittl  lr,in\  \li 

.'•Uui.  Ih,^  ’\  /.Ml  ^.‘1  MM  '*  |ip  I*-  Ml.  Jati 

|S|  J  \  l),'hrii\k.‘Nki  Solve  poAi.'i  vCMMluitK''  tti.l  noise  ttpnu’  nnn 
;iiii  Mtu'fi  of  f  u  •  rvifis  u  nh  .irn  i/Merrul  fopoloe^  Itti  h,ins  V/; 

/ij,  oM  /  .n  \ot  MM  '"i  pf'  I'M  I4ti  Ian  |W‘>i 

I'-i]  k  1’  Mi-vv  \  ise  .ipi'io.uh  (o  tile  noive  [noperties  -M  hne.ii  tn» 
coiA.jve  ,te\i.,v'  t!  f  t  Mu  fhi  -m  ,inti  hih  vol 

'  oi  Mil  '(<  ['['  U  ' '  Kill  I 

lhi|  S  \V  iiMineioii  Sv  al.eii-vi  noiv..  >.v .i\ es  in  ini,.  .i\ e  atul  nnn  w a\ e 
nelviorK,'  \/i.'ou,mi  /  \  ol  pp  1  hn  |  'S  lime  IM.SW 

Mil  H  Hillh'.iiul  aful  P  H  Kicset  \ii  eIfKient  niefhoil  tor  voinpulei 
,iule,t  noise  .mal^-'  s  ot  Kneai  .iinplitier  in-i'Aorks  //-/■/  hiin--  <  if 
.;<W,  S>..'  \ol  <  \S  I'p  -MS  2'K,  \pi  i'f’h 

M-(  I  I  H,(  So,,',/  S/w.’<  tff.yfli.ffy/  P(  'Se'A  .nk 

Vkiles 

I  1  ^  .nul  \  1  ipparmi  i  oinpntei  .lulevi  lunse  analvsis  ol  Im 

e.ir  n!uhi[ion  networks  ot  .irhitrars  topoloe\  It  f  t  hans  t//.  ro 
vwj\.  rh,.>r\  h'.h  voi  MM  <  V  pp  M'T  MM.De^ 

M-ii  s  W  ^  e,lee  -iikI  I  i  H  Kutle'.lee.  Soise  wa' s  s  artel  passj\ e  hneaf 
MUiliip.'rts  Itti  ( iuuh ii\,  I  tit  vol  I  pp  IM 

l  Mj\ 

I  I  ■' !  H  St.it/  H  \  H.i'i'  iitj  k  \  I'tjeel,  Noise  ^ Itarus tensne s  ot 
iialiuii  .irseiiule  lielM  ellcsl  ir.msistots  It^t  Irun^  tly.iron  th- 
o.'..  ol  M)J)1.|1[1  S4y  ■'h.^.Sepi  ;'t"4 
M  H  I  akui  I  )esmn  ol  niK  row a  \  s'  ( la  \  s  M (  sM  I  s  toi  hnMul  k.mel 

lou  noise  ampiitieis, '  Ittt  I'in^  M--  'o.,,o.  ^h•‘•r\  l,th  vol 

SI  M  J '  pp  M  ^  fssi),  JiiU 

M'l  N  1  Poilell.  A  tun  lonal  (l.iAs  I  I  I  noise  mode!  (tt/ 

/■  /(  I  /Toff  /),' WM  ' .  \  ol  k,I)  -  .s ,  pp  >11  SI"  Ma\  M)S  I 
!  M]  M  S  Impta.t)  Pii/alis.S  I  koscnhauni .  aitvl  I’  I  (ifeilm^.  Mi 
sfowave  noise  eharae' .  rcation  ot  (.a\s  MI  SM  I  s  e\ahiau**n  hv 
on  water  low  lreei^.eiK'>  utput  n,tise  vurreni  ineasuretneni  fttt 
\Jji  ro  ii\r  !'ht  ■’r\  hih  mi|  MI’I  I^p  Mlk.Dee 

IMH^ 

llMj  \  (  jppt.  Noise  nuKleliiKi;  and  nieasureinent  leshniqucs.  Ittt 
fr(in\  Mn  niwtnc  lhi>>r\  fy.h  \ol  'h.  pp  1  MK  Jan  tvHX 
|2<il  k  K  hroelieh.  An  iinprovei*  model  tot  noise  eharaeleri/ation  ot 
murowa^e  lia\s  Phi  s  Ittt  Irtuis  V/i.  »vnwiw  lhfr\  .'oh  . 
\i'l  pp  "(l^  7i»h,  June  I'lwn 


(-J(  M  ^  Pt»spies/aJsJk.r-  Vf.«vkn»t^  <M  noise  pjramerefs  o/  MJ  Sj  J  J  s 
ai»d  \t()l)hl  I  s  and  then  lie^^ueiies  ane!  lemjKnaiure  xle[H  iKU  nse 
Ittt  IruH'  \tit  r.-fxttft  llu.'fX  hill  \ol  '  ^  pp  IM"  M>U  Sip! 

I  MXW 

l-JJ  1  ^  Siriil.  '  ■  \1easurement  ol  losses  m  noise  inaistiiiijj  neiwoiks 

Ittt  Iritu^  i//i /ovioit'  Ihii'fX  hih  ^ot  MM  pp  M'  JS2 
Mat  i^Hl 

|''|  M  h  PhL'en  Xn  nnprosetl  w..euii  tor  impieineniine  the  mk  port 

leshriique  ol  mnrowave  tneasuiemenis  Ittt  I hifo  i//.roivWK 

lho'r\  h.lt  .  stxi  MM  -S.  pp  Mhl)  lOhKDee 
l-4|  S  \X  'Xetliie  (  ompuiei  aule<l  Jesien  ot  ii»w  noise  inierowa^e  cr 
..uiis."  ph  ()  ilissciljiioii,  Calilornia  Insiiinte  o.  leehnoliip\,  M^il 


St'nll  VX  .  VXi'due  <S  HJ  M  ‘Hii  u-eued  the  H  S 
deiife  tfoin  me  <  ahlornia  State  Pols  tee  hnie  I  ni 
\ersiiv  in  IMMv  the  M  S  decree  troin  the  I  ni 
versii\  ill  Illinots  m  IMKh.  aiui  ih*'  l^h  I)  deeree 
troin  the  ('.liilornia  Institute  ot  leMmoio^s  in 
MM)  all  tn  eksTjeal  eneineeiiii)/ 

hroin  !MK*  to  Mw  |  he  was  ^iih  Hushes  \ir 
vTall  Conipaiu  (iroiind  Svsteiiis  Cnoup,  lull.! 
ton  t‘ A  jr.el  !'  now  with  PPsot  Westlake  Xil 
l.jjte.  (  A  His  intt’resis  and  experierue  from 
indusir  md  avadeinia  iitv  lude  k  1  and  MMK  e  ii 
V  tin  desicn.  e  oinpulal tonal  elesttomaimetie  s.  mie  tow  a^  e  imasuremerr  s  \  s 
letiis  .ind  itn..rowj\e  (  \l> 

Dr  VXA'dee  is  a  tnemker  of  1  an  Beta  I’l  and  J.tj  Kappa  Su.  a  renislered 
prolcssioiial  enijineer  m<  alil«»rnui  atul  a  loiiner  Hushes  Doeiotal  I  ellow 
He  's  e  o  .lulhof  of  the  evlue  .ilion.il  mu  n'w  av-e  (AD  pro^Taii; .  Puff  w  hjs  ti 
h.t'  'Her  K(HMi  Users  wotklw  nie 


l>a%td  B.  Kutled^f  A1  ’>  SM  tor  a  phoionraph  and  hioktraphv.  s' 

this  issue,  p 


